Abstract. This paper discusses the results of investigations of beta and gamma radiation induced thermoluminescence (TL) of CR-39 polymer. As the material is cheap and easily available, the feasibility of CR-39 being used for personal dosimetry is worth investigating. Samples from CR-39 of dimensions 3mm × 3mm were classified into two main groups. The first group was irradiated with gamma rays from 137 Cs source, while the second group was exposed to beta particles from 90 Sr source and read for TL emission on a TLD reader, Harshaw 4500. The chips were annealed at different temperatures to find out optimum annealing temperature to get rid of the background to a maximum. Different annealing times were also studied for optimization. The heating temperatures in the TL reader were studied in a wide range so as to assess the best possible heating temperature. The possible enhancement of TL response of CR-39 exposed to gamma rays in the presence of oxygen and carbon dioxide was also studied. Dose response of CR-39 exposed to gamma rays in the presence of oxygen is better than that in the presence of carbon dioxide. The response of the exposed polymer in the presence of carbon dioxide is found to be better than that in the presence of air.
Introduction
CR-39 is the trade name of polyallyl diglycol carbonate (PADC). It is a polymer having chemical composition C 12 H 18 O 7. It is a class of plastic detectors which has been most widely used for the charged particles detection and measurement and also for neutron dosimetry [1] [2] [3] [4] [5] [6] [7] [8] .
Irradiation of polymeric substances by high energy ionizing radiation such as x-rays or gamma rays causes many changes in the polymer. It may degrade polymeric materials by random fracture of the main chain with the number of fractures being proportional to the radiation dose [9] [10] [11] [12] . The bond breaking may give rise to free radicals [9, 11] , ionic species, water molecules, gaseous products, etc. [10, 11, 13] . It has been reported that Co 2 molecules are produced in irradiated CR-39 plastic by gamma ray (or x-ray) and the production of Co 2 was attributed to bond breaking in the CR-39 plastic by radiation [3, 10, 11, 14] . This Co 2 is trapped inside, this can lead to the subsequent crazing and cracking of the plastic due to accumulated local stress [11, 14] . The production of Co 2 is a function of gamma ray dose [11, 15] . Several authors [16] [17] [18] [19] studied the effects of electron beam on CR-39 polymer and found that the material undergoes structural, physical and chemical modifications induced by the incident electrons energy transfer in the substrate. This is similar to the processes generated by the secondary electrons created during ion beam polymer interactions.
The environment present during irradiation can significantly affect the properties of the polymeric material. For example, the presence of 0 2 or air during irradiation produces free radicals that are often rapidly converted to peroxide radicals [20] [21] [22] [23] . Different authors have also been exploring the possibility of using CR-39 polymer for neutron, UV , X-ray and gamma ray dosimeters by changing the properties of this polymer under different experimental conditions [24] [25] [26] [27] [28] [29] [30] [31] .
The aim of the present study is not only to obtain information concerning the thermoluminescence response of the CR-39 polymer to beta particles and gamma rays but also to observe the enhancement of TL response of CR-39 exposed to gamma-rays in the presence of oxygen and carbon dioxide. The background TL emission from the CR-39 chips were also assessed. The chips were annealed at different temperatures for different times to obtain optimum annealing condition to get rid of the background to a maximum.
Materials and Methods

Preparation of CR-39 TL Chips
Transparent sheets of CR-39 purchased from Pershore Moulding Ltd, England were used in this study. The sheets were cut carefully to square shaped chips of size 3mm × 3mm. Even though this cutting process was done with utmost care, there were limitations in obtaining chips of exactly the same size. Those pieces with cracks and lines on them were discarded. These chips were then cleaned thoroughly with distilled water and then with acetone to get rid of dirt if any before any reading or irradiation process [2, 9, 12] . The CR-39 chips thus prepared were supposed to have several excited atoms as they might have been exposed to background radiation ever since they were manufactured. Also they could have been exposed to some of the sources in the laboratory inadvertently. So the unannealed chips were expected to give some TL intensity once they were read using a TL reader.
The TL Reader
The TL reader used in this study was "Harshaw 4500", manufactured by Bicorn, U.K. The machine is a workstation used for thermoluminescent dosimetry (TLD) measurement of a wide variety of TL materials in many forms and sizes. In this reader, there are two photomultiplier tubes in a sliding housing for rapid reading of whole body and environmental TL cards, extremity dosimeters (chipstrates), TL chips, disks, rods and powders. The TL element may be heated by hot gas or by a planchet. The planchet system that is being used in this work uses electric resistance heating to produce temperatures upto 400ºC. The workstation includes a personal computer with the Harshaw "Radiation Evaluation Management System" (TLD-REMS) software.
There are ten sets of four time temperature profiles and acquisition parameters stored in the memory of the system. Accurate conversion of data from charge to dosimetric units may be done using Reader Calibration Factor (RCF).
The TL charge is collected form the chips in 200 data points along the Time Temperature Profiles. The integral of these or separate Region of Interest (ROI) data may be obtained for analysis. There is also an Electronic Reference Light built into photomultiplier tube (PMT) housing for monitoring the performance of the instrument.
Heating Temperatures
The unannealed TL chips of CR-39 were now read in the TLD reader at different heating temperatures. The ultimate purpose of doing so was to establish the temperatures for which the TL response was optimum. The heating temperatures chosen were from 50ºC to 300ºC. Such a selection of temperatures was done without any concern for the change in structure of material or other features of the chips that might occur during heating. The parameters fed to the reader were the following: Preheating temperature: 50ºC, and the acquire time: 20 sec.
The temperatures were set in the "Time Temperature Profile" menu and a minimum of three chips were read for each temperature. The experiment was done for 50, 100, 150, 200, 250 and 300ºC. Since the color of the chip turned brown at higher temperatures, it is likely that higher heating temperatures have an impact on the structure of the material and consequently on the response to radiation as well as the reuse of the material. A graph was drawn to find out the change of the TL emission intensities with heating temperatures. The same process was then repeated as a process of refinement for temperatures ranging from 150 to 300 0 C at intervals of 10 0 C. In order to further refine, the TL responses were measured at every one degree for a temperature range from 250 to 300 0 C. There was no specific intention in selecting the range of temperature from 150 to 300 0 C other than a random selection to study the variation of the emission at short intervals of temperatures. In all three cases, the results were tabulated and corresponding graphs were drawn to study the variation of emission intensities with heating temperatures.
Annealing Temperatures
The dependence of the background on annealing temperature was studied. For this, the chip samples were annealed in an oven at different temperatures ranging from 50 to 300ºC. The TL emission after annealing for different times at each of these temperatures was measured in the reader. Different combinations of temperature and time were tried.
Background TL Intensity
For any measurement of TL emission after irradiation, the background is to be determined before irradiation. For determination of background, about 40 chips were cleaned with distilled water and then with acetone so as to get rid of dirt if any. Now the chips were read in the reader without any annealing. Two heating temperatures were arbitrarily chosen for this purpose, the first one, 225ºC and the other, 300ºC for the purpose of comparison.
Irradiation of CR-39 Chips by Beta Particles
Once the backgrounds were determined, the chips were ready for irradiation by beta particles. The chips were annealed at 300ºC for different time intervals. If the temperature is not as high as 300ºC, there is the likelihood that the background is not brought down to a reasonable level. Six of the chips were kept for background estimation and other six of the chips were irradiated by beta particles. A
90
Sr reference source manufactured by Nuclear Enterprise Technology (Type 2503/3A) was selected for this purpose. The source had a activity of 370 MBq as on 2/1995. Beta irradiation was performed in air for different doses and then read in the reader. Now an ion chamber (0.6cc) coupled to a Farmer Dosimeter (Model 2670) was introduced into the irradiation chamber for the same length of time and the dose in the air was determined. Care was taken to assure that the chips after annealing were kept in total darkness, as light has considerable effect on the TL properties [12, 16, 18, 24] . So the chips were annealed at 300ºC for a period of 20 seconds in the TLD reader and were then irradiated by beta particles for different time intervals in total darkness and the responses were measured.
Gamma Irradiation of CR-39 Chips
In this case the chips of CR-39 were annealed at 300ºC for a period of 20 seconds in the TLD reader before irradiation. Care was taken to assure that the chips after annealing were kept in total darkness. Gamma irradiation was performed in air using
137
Cs source for different doses. The source had a strength of 4444 MBq as on 2/1999. The chips were kept at a distance of 50 cm from the source for different periods of time. The dose in the air at this distance from the 137 Cs source was known from the manufacturer's data. All the irradiated chips were read in the reader for emission intensities.
Gamma Irradiation of CR-39 Chips in Oxygen Environment
The chips were annealed at 300ºC for a period of 20 seconds in the TLD reader and then were irradiated by gamma rays from a 137 Cs standard source in an oxygen environment. A small plastic can with a rubber stopper fitted with two glass tubes, one acting as gas inlet and the other as outlet were used for this purpose (Fig.1) . The chips were placed in the can and arranged for irradiation using 4444 MBq
137
Cs source. The inlet for the gas supply was connected to a cylinder containing oxygen and the flow rate was low. The chips were irradiated for a specific dose under oxygen and then read in the TLD reader. Care was taken to ensure that the chips received minimum light during the irradiation time. The irradiation process was repeated for different time intervals using different sets of annealed chips.
Gamma Irradiation of CR-39 Chips in Carbon Dioxide Environment
CR-39 chips were prepared for irradiation under carbon dioxide environment. Chips annealed at 300ºC for a period of 20 seconds in the TLD reader were used for the purpose. The gamma standard source used was a
137
Cs point source. The same set-up used for oxygen was used for carbon dioxide (Fig. 1) . 
Results and Discussion
The TL response from any material depends primarily on the TL properties of the material and then on different parameters such as annealing temperatures, heating temperatures, irradiation dose and environmental conditions. Optimization of such parameters is of great importance to achieve best results.
The experimental results showed that the emission intensities increased with heating temperatures and reached a maximum at a temperature of 300ºC. The variation of background TL emission with different annealing temperatures showed that the background emission decreases sharply with the annealing temperatures, reaching a value of zero at 300ºC, at which stage the chip burns. Annealing for short duration of time at high temperature (20 seconds at 300ºC) seems to be comparatively better to have better emissions and to avoid damage of the material. No color change was observed in such a condition. Such a annealing was performed in the TL reader.
The annealed chips were irradiated in air by beta particles and gamma rays at different doses. Table 1 shows the TL emission values from the chips irradiated by beta particles for different doses, while Table  2 shows the TL emission values from chips irradiated by gamma rays at different doses and pre-irradiation annealing at 300ºC for 20 seconds in the TL reader. The variation of TL emission intensities with dose for beta particles is shown in Fig. 2 . It was observed that the responses at lower doses were erratic. However, at higher doses, the emission intensities increased with doses. The variation of TL emission values with dose from gamma rays is depicted in Fig. 3 . It is also observed that at lower doses, the response was erratic. However, at higher doses, the emission intensities increased with increase of dose.
The TL emission values from chips irradiated by gamma rays at different doses in oxygen and carbon dioxide environments are given in Tables 3 and 4 , respectively. The variation of TL intensity with dose for CR-39 chips irradiated by gamma rays in oxygen environment and in carbon dioxide environment are shown in Fig. 4 and 5, respectively. It is evident from these figures that the TL response at low doses are erratic as is the case when irradiated in air. At higher doses, the TL response increases with increasing doses. Figure 6 shows the variation of TL emission with dose of CR-39 when irradiated with gamma rays in the presence of air, oxygen and carbon dioxide. It is observed that the dose response of CR-39 when irradiated by gamma in the presence of oxygen gives better results when compared to that in the presence of carbon dioxide. The response in the presence of carbon dioxide is better than that in the presence of air. The reasons for this type of behavior of the polymer are unclear and merit further investigation. 
Conclusion
Thermoluminescent effects of CR-39 may be utilized for measurement of exposures to beta and gamma radiations. The TL response of CR-39 at lower doses seem to be erratic while at higher doses, the response increases with dose. Exposure of CR-39 for large doses in the presence of oxygen and carbon dioxide enhances the TL properties of CR-39. Dose response of CR-39 when irradiated by gamma rays in the presence of oxygen gives better results compared to that in the presence of carbon dioxide. The response in the presence in the of carbon dioxide is better than that in the presence of air. As the effects of radiation are manifested only at higher doses, the material may not be very useful for personal dosimetry. However, it might require further study with more optimization of the parameters and the conditions to disregard this material to be used as a personal dosimeter. .
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